Abp1 is a fission yeast CENP-B homologue that contributes to centromere function, silencing at pericentromeric heterochromatin and silencing of retrotransposons. We identified the sfh1 gene, encoding a core subunit of the fission yeast chromatin remodeling complex RSC as an Abp1-interacting protein. Because sfh1 is essential for growth, we isolated temperature-sensitive sfh1 mutants. These mutants showed defects in centromere functions, reflected by sensitivity to an inhibitor of spindle formation and minichromosome instability. Sfh1 localized at both kinetochore and pericentromeric heterochromatin regions. Although sfh1 mutations had minor effect on silencing at these regions, they decreased the levels of cohesin on centromeric heterochromatin. Sfh1 also localized at a retrotransposon, Tf2, in a partly Abp1-dependent manner, and assisted in silencing of Tf2 by Abp1 probably in the same pathway as a histone chaperon, HIRA, which is also known to involve in Tf2 repression. Furthermore, sfh1 mutants were sensitive to several DNA-damaging treatments (HU, MMS, UV and X-ray). Increase in spontaneous foci of Rad22, a recombination Mediator protein Rad52 homologue, in sfh1 mutant suggests that RSC functions in homologous recombination repair of double-stranded break downstream of the Rad22 recruitment. These results indicate that RSC plays multiple roles in the maintenance of genome integrity.
| INTRODUCTION
In eukaryotes, DNA is packaged with histones into chromatin to promote its efficient storage in the nucleus. Chromatin structure generally affects the activity of enzymes involved in DNA metabolism, including transcription, replication and repair. ATP-dependent chromatin remodeling complexes regulate these processes, removing histone octamers from, or sliding them along, chromatin. ATP-dependent chromatin remodeling complexes are evolutionarily conserved from budding yeast to humans and are classified into four types based on their mode of action: Swi/Snf, ISWI, INO80/SWR and Mi-2/CHD (Hota & Bruneau, 2016) . In multicellular organisms, mutations of chromatin remodeling complex subunits, especially those of Swi/Snf, are associated with certain types of cancer, suggesting that malfunctions of chromatin remodeling contribute to tumorigenesis (St Pierre & Kadoch, 2017) .
Two subfamilies of the Swi/Snf complex exist in budding yeast: Swi/Snf and RSC. Analyses of mutants of each component have shown that these complexes play roles in several events related to chromatin dynamics, such as transcription, DNA repair and chromosome segregation (van Vugt, Ranes, Campsteijn, & Logie, 2007) . Fission yeast also has counterparts of these complexes, and proteomic analysis has shown that they are more similar in terms of subunit composition to their metazoan counterparts than to those of budding yeasts, despite the conservation of the core components between the two yeasts (Monahan et al., 2008) .
RSC is an abundant and essential chromatin remodeling complex in both yeasts. In budding yeast, it appears to play important biological roles in kinetochore function, sister chromatid cohesion and DNA repair (Cao et al., 1997; Hsu, Huang, Meluh, & Laurent, 2003; Shim et al., 2005) . Similar roles were also suggested in fission yeast (Monahan et al., 2008; Yamada, Hirota, Mizuno, Shibata, & Ohta, 2008) . In addition, RSC contributes to generates nucleosome-depleted region (NDR), especially around transcription start sites in both yeasts (Badis et al., 2008; Hartley & Madhani, 2009; Parnell et al., 2008; Wippo et al., 2011; Yague-Sanz et al., 2017) . Therefore, budding yeast RSC is shown to have nucleosome sliding and eviction activity in vitro (Clapier et al., 2016; Sinha et al., 2017) . At fission yeast centromeric heterochromatin, histone deacetylase complex (HDAC) Clr3/SHREC eliminates NDR formation at particular site by antagonizing RSC. Note that lack of RSC alone does not affect nucleosome positioning in heterochromatin (Garcia, Dumesic, Hartley, El-Samad, & Madhani, 2010) . Although RSC was identified as a binding protein of Swi6, a fission yeast homologue of HP1 (heterochromatin protein 1) in a mass spectrometry analysis (Fischer et al., 2009) , the role of RSC at heterochromatin is still obscure.
Fission yeast centromeres comprise two regions, the central core and the outer repeats. The central core is the site of formation of the kinetochore, which connects chromosomes with mitotic spindles. The central core region is specified by a histone H3 variant, Cnp1, a CENP-A homologue that is important for the assembly of kinetochore proteins. The outer repeats that surround the central core form heterochromatin, which is specified by histone H3 methylated at lysine 9 (H3K9me) and its binding partner, Swi6, a fission yeast homologue of HP1 (heterochromatin protein 1). At heterochromatin, cohesin localizes densely to promote sister chromatid cohesion via interaction with Swi6 (Bernard et al., 2001; Nonaka et al., 2002) . Mutations in genes encoding kinetochore components, including cnp1, or factors required for heterochromatin formation, such as swi6 and clr4, a H3K9-specific histone methyltransferase, induce chromosome missegregation, emphasizing the importance of heterochromatin in centromere function (Bernard et al., 2001; Ekwall et al., 1996; Nonaka et al., 2002) . Mouse and human CENP-B bind to specific DNA sequences in the centromeric repeats, called CENP-B boxes, and are important for kinetochore assembly as well as centromeric heterochromatin formation (Okada et al., 2007) . Fission yeast has three CENP-B homologues, Abp1, Cbh1 and Cbh2, which bind to DNA with moderate sequence specificity (Irelan, Gutkin, & Clarke, 2001; Lee, Huberman, & Hurwitz, 1997; Murakami, Huberman, & Hurwitz, 1996) . Abp1 and Cbh1 localize at outer repeat regions, as well as Tf2 retrotransposons (Cam, Noma, Ebina, Levin, & Grewal, 2008; Lorenz et al., 2012; Nakagawa et al., 2002) . Disruption of CENP-B homologues perturbs heterochromatin, resulting in impaired chromosome segregation, indicating that CENP-B homologues play roles in heterochromatin formation (Nakagawa et al., 2002) , although the details of the underlying mechanism remain unclear. In addition, Abp1 participates in the heterochromatin-independent repression of a retrotransposon, Tf2, by interacting with the HDAC and histone H3K4-specific methyltransferase Set1 to repress transcription (Cam et al., 2008; Lorenz et al., 2012) . In addition to Abp1/HDAC pathway, other pathways seem to be involved in Tf2 repression. A histone chaperon HIRA plays a role in Tf2 repression independently of Abp1 (Anderson et al., 2009; Cam et al., 2008; Greenall et al., 2006; Yamane et al., 2011) . A chromatin remodeling factor belonging to FUN/SMARCAD1 was also shown to repress Tf2 via controlling nucleosome positioning at its promoter (Persson et al., 2016 ). The precise relationship of these pathways is not well understood well.
To obtain insights of the function of CENP-B homologues in fission yeast, we carried out a screen for proteins that interact with Abp1. The screen identified Sfh1, a subunit of the RSC chromatin remodeling complex, as an Abp1-binding protein. Because sfh1 is essential for growth, we isolated three temperature-sensitive (ts) mutants and used them to analyze the biological functions of Sfh1/RSC. sfh1-ts mutants showed defects in DNA metabolism, including DNA repair, and chromosome segregation, and repression of retrotransposons, indicating the importance of Sfh1/RSC in the maintenance of genome integrity.
| RESULTS AND DISCUSSION

| Identification of a fission yeast Snf5 homologue as an Abp1-binding protein
To identify Abp1-interacting proteins, we carried out a yeast two-hybrid screen of a Schizosaccharomyces pombe cDNA library using Abp1 as bait. The positive clone showing the most specific interaction with Abp1 contained the C-terminal region (amino acids 246-418) of the gene sfh1 (Figure 1a) , which encodes a core subunit of the Swi/Snf-type chromatin remodeling complex (Monahan et al., 2008) . As shown in Figure 1a , fission yeast Sfh1 has two characteristic regions, the Snf5 domain and a GATA-type zinc finger domain. The Snf5 domain, which is conserved among members of the Snf5 family, is located in the middle of the protein (Figure 1a) . By contrast, the zinc finger domain, a DNA-binding/protein-protein interaction domain, is found only in fission yeast Sfh1. Among Snf5 family proteins, Sfh1 was most similar to Sfh1 of Saccharomyces cerevisiae (Figure 1a) , a core subunit of the S. cerevisiae RSC complex. Sfh1 co-immunoprecipitated with Abp1, confirming that the two proteins interact in vivo (Figure 1b) .
Western blotting following cell fractionation showed that Sfh1 was concentrated in an insoluble fraction, specifically the chromatin-rich fraction (Supporting Information Figure  S1A ). Immunofluorescence analysis with anti-Sfh1 antibody showed nuclear localization of Sfh1 that overlapped with DAPI staining (i.e., nuclear DNA) (Supporting Information Figure S1B ).
| sfh1 is essential for growth, and
sfh1∆ and sfh1 temperature-sensitive mutants undergo cell cycle arrest As Sfh1 is essential for growth (Supporting Information Figure S2A ) (Monahan et al., 2008) , we generated temperature-sensitive (ts) mutants of sfh1 using PCR-based mutagenesis to study Sfh1 function in detail. After screening more than 2,000 transformants, we isolated three ts strains, sfh1-7, -12 and -13. DNA sequencing of sfh1 showed that all mutant alleles contained two or three amino acid substitutions (Figure 2a ). The mutation sites did not overlap among the three mutants, but all mutants had point mutations in Snf5 domain. In the case of sfh1-13 strain, mutations were concentrated in Snf5 domain, suggesting that this region is important for Sfh1 function.
We monitored the growth of each mutant at various temperatures on Edinburgh minimal medium (EMM, a minimal synthetic medium) and rich medium (YE) plates (Supporting Information Figure S2 ). All mutants grew well at 25°C and 30°C, but not at 36°C, on both types of plates. Among the Genes to Cells
three mutants, sfh1-7 was least sensitive and sfh1-13 was most sensitive to high temperature on EMM plates. All mutants gradually stopped growing at the restrictive temperature after five to seven generations and completely stopped after 9 or 10 generations, after which viability started to decrease (Figure 3b ). At the restrictive temperature, all mutants had elongated cell morphology with a single nucleus (Supporting Information Figure S3B ) with 2C DNA content (Supporting Information Figure S3C ), indicating G2 arrest. We also observed similar interphase arrest phenotypes in sfh1-null strain that is germinated from spores harboring sfh1::ura4 (Supporting Information Figure S2B ).
These phenotypes of ts mutants are similar to a ts-mutant of snf21, which encodes a catalytic subunit of fission yeast RSC (Yamada et al., 2008) . Further analysis of sfh1-ts strains showed that Sfh1/RSC plays following multiple roles in the cell, which is consistent with the previous observations in budding yeast, fission yeast and human cells. (1) Sfh1/RSC is involved in repair of wide range of DNA lesions, especially double-stranded break (Supporting Information Doc. S1, Figure S4 ). (2) Sfh1/RSC but not Swi/Snf plays a role in carbon metabolism in fission yeast (Supporting Information Doc. S2, Figure S5 ). (3) Sfh1/ RSC functions in PKC pathway, whose defect causes the lethality of sfh1 mutants (Supporting Information Doc. S3, Figure S6 ).
| Sfh1 is important for faithful chromosome segregation
We noticed that incubation of sfh1 mutants at the restrictive temperature for more than 10 hr caused accumulation of cells showing abnormal chromosome segregation (Figure 3a ,b). The phenotypes of deletion mutants of nonessential RSC components and ts mutants of the essential core component snf21 suggest that RSC is involved in chromosome segregation (Monahan et al., 2008; Yamada et al., 2008) . However, deletion of SWI/SNF components does not cause an abnormal segregation phenotype (Monahan et al., 2008) . Thiabendazole (TBZ) is a tubulindestabilizing agent, and mutants with defects in spindle and/or centromere function are often hypersensitive to this compound. Consistent with the notion that RSC is involved in centromere function, all sfh1-ts mutants were hypersensitive to TBZ even at the permissive temperature ( Figure 3b ).
Next, we examined the stability of a minichromosome in the sfh1-ts mutants. At the permissive temperature, minichromosome stability did not differ between sfh1 mutants and wild-type cells (Figure 3c ), but incubation at the restrictive temperature or incubation with low concentrations of TBZ at the permissive temperature caused a marked increase in minichromosome loss in sfh1-12 and -13, but not in sfh1-7, which showed only marginal defects in minichromosome maintenance under both conditions (Figure 3c ). The rate of minichromosome loss in sfh1-13 cells was 10 times higher at the restrictive temperature and 26 times higher in the presence of 10 μg/ml TBZ than in WT cells. These results indicate that Sfh1/RSC is involved in accurate chromosome segregation.
Hereafter, we used sfh1-13 for further analysis because of its sever effects on chromosome segregation. Western blotting analysis of the sfh1-13 strain with anti-Sfh1 antibody showed that the levels of Sfh1 protein in the sfh1-13 cells were almost same as those of WT cells at permissive (25°C), and nonpermissive temperatures (36°C) (Figure 2c ), suggesting that the primary defect in the sfh1-13 mutant was qualitative change of the protein, not a reduction in the protein level. Genes to Cells KOTOMURA eT Al.
| Sfh1 localizes at centromeres and affects cohesin localization
The involvement of Sfh1/RSC in chromosome segregation suggests that Sfh1/RSC directly modulates the chromatin structures of centromere. Moreover, the interaction between Sfh1 and Abp1 raises the possibility that Abp1 recruits Sfh1/ RSC to centromeric heterochromatin, where Abp1 localizes.
To explore this idea, we first examined the localization of Sfh1 by chromatin immunoprecipitation (ChIP) assay using Flag-tagged Sfh1. Note that Abp1 does not localize at the kinetochore region (Cam et al., 2008; Nakagawa et al., 2002) . 3Flag-Sfh1 clearly accumulated at ura4 genes inserted at the heterochromatic region (imr::ura4 and otr::ura4) in comparison with no-tag strains (Figure 4b) . A similar level of accumulation was observed at cnt::ura4, where Abp1 does not localize. Furthermore, 3Flag-Sfh1 localized at native heterochromatic repeats dg and dh. Deletion of abp1 did not affect the Sfh1 localization at these loci, suggesting that Sfh1 localizes to the centromeric region in an Abp1-independent manner. It is noteworthy that many subunits of RSC were identified as Swi6-interacting proteins in a mass spectrometry analysis (Fischer et al., 2009 ). These interactions might contribute to the Abp1-independent heterochromatin localization of Sfh1/RSC. We also analyzed the localization of 3Flag-Sfh1-13 at centromeric regions (cnt, dg and dh) (Figure 4c ). Note that Flag-tagging did not affect the amount of the mutant protein ( Figure 2d ). The amount of 3Flag-Sfh1-13 at all loci did not change at permissive temperature (25°C). At nonpermissive temperature (36°C), it decreased by about 50% at dg and euchromatic act1 locus, but did not change significantly at cnt and dh. The difference of the effect of sfh1-13 mutation between genomic loci suggests that Sfh1/RSC bound to chromatin via multiple mechanisms and the combination of the binding mechanism differ between genomic loci. Centromeric heterochromatin, as well as the central kinetochore region, silences the expression of inserted marker genes, and the mutants in which this silencing is abrogated usually show defects in chromosome segregation (Allshire, Nimmo, Ekwall, Javerzat, & Cranston, 1995) . Hence, we examined the effects of sfh1-13 on centromeric silencing of the ura4 gene at three different loci in the centromeric region ( Figure 4a ) by quantitative RT-PCR (Figure 4d ). sfh1-13 slightly affect the levels of ura4 transcripts transcribed from the three sites examined. Transcripts from cnt::ura4 showed threefold reduction, while that of imr::ura4 showed about 1.4-fold increase. As the levels of transcription at centromere region in wild-type cell are quite low (about 1/1,000 of act1 gene, Figure 4d ) and loss of heterochromatin caused 50-to 100-fold increase in transcripts of marker genes inserted in centromeric heterochromatin (Kajitani et al., 2017) , the observed changes of the amount of transcripts appear to be marginal. We also analyzed the localization of Cnp1 and H3K9me2 by ChIP assay to assess the effects of Sfh1 on centromeric chromatin structures (Figure 4e ). The accumulation of Cnp1 decreased by about 60% at cnt::ura4, but did not affect Cnp1 at native locus. The levels of H3K9me2 decreased by 80% in sfh1-13 cells at both otr::ura4 and imr::ura4 but did not change at native locus, dg and dh. These data indicate that Sfh1/RSC does not play a major role in deposition of the heterochromatin-specific histone mark or the centromeric histone variant.
We reasoned that the observed defects in chromosome segregation of sfh1-ts cells might be caused by the malfunction of nonchromatin proteins involved in centromere function. In budding yeast, in which heterochromatin does not associate with centromeres, RSC is required for sister chromatid cohesion at chromosome arms (Huang, Hsu, & Laurent, 2004; . Previous studies in fission yeast reported that dcc1, which encodes a component of the Rfc18 complex involved in centromere cohesion, genetically interacts with rsc1 and rsc4, which encode nonessential components of RSC (Ansbach et al., 2008; Roguev et al., 2008) . Furthermore, cohesin localization at centromeric heterochromatin is important for faithful chromosome segregation (Bernard et al., 2001; Nonaka et al., 2002) . These results prompted us to analyze the effect of sfh1-13 on the localization of Rad21-13myc, a subunit of the cohesin complex on heterochromatin (Figure 4f ). Rad21-13myc accumulated at both dg and dh repeats in centromeric heterochromatin (Figure 4a,e) , and the sfh1-13 mutation decreased the chromatin localization of Rad21-13myc by about 50%, suggesting that Sfh1/RSC is required for efficient loading of cohesin on heterochromatin and that the decrease in the level of cohesin could be partly responsible for the chromosome segregation defects in sfh1-13 cells. In fission yeast, Swi6 recruits cohesin on heterochromatin (Bernard et al., 2001; Nonaka et al., 2002) . Because abp1∆ decreases Swi6 and H3K9me (Nakagawa et al., 2002) , defects in chromosome segregation observed in abp1∆ cells could be, at least in part, explained by decrease in pericentromeric cohesin. In contrast, sfh1-13 appears not to affect the level of Swi6 at pericentromeric heterochromatin, as sfh1-13 did not decrease the pericentromeric silencing, which depends on Swi6, and the level of H3K9me (Figure 4d,e) . Thus, we suggest that Sfh1/RSC contribute cohesin loading on heterochromatin independently of Swi6 and Abp1. In budding yeast, RSC is shown to promotes cohesin loading at DNA double-strand breaks (Oum et al., 2011) and broad NDR for its maintenance (Lopez-Serra, Kelly, Patel, Stewart, & Uhlmann, 2014) . Furthermore, budding yeast RSC also localizes at centromeric regions, and mutation of SFH1 causes a chromosome segregation defect associated with altered positioning of nucleosomes around centromeres but does not affect the localization of budding yeast CENP-A, Cse4 (Hsu et al., 2003) . Thus, Sfh1/RSC may
| Sfh1 contributes to repression of retrotransposons in parallel with Abp1
Abp1 localizes to retrotransposon Tf2 and represses its expression by recruiting the histone deacetylases Clr3 and Clr6 (Cam et al., 2008) . No H3K9me is present on Tf2 (Cam et al., 2008) , implying that this repression does not depend on heterochromatin formation. The interaction between Abp1 and Sfh1 prompted us to examine the involvement of Sfh1/RSC in Abp1-dependent Tf2 repression. In a ChIP assay, 3Flag-Sfh1 was enriched at both LTR and ORF (Figure 5a,b) . 3Flag-Sfh1 also localized at the act1 locus, where Abp1 does not localize, at a slightly lower level (Figure 5b ). In the absence of Abp1, the amount of 3FLAG-Sfh1 did not change at act1, but was reduced at both the LTR and ORF of Tf2 to the same level as at act1. This result indicates that Sfh1 localizes to Tf2 via two independent pathways, Abp1-dependent and Abp1-independent. We also analyzed localization of 3Flag-sfh1-13 at Tf2 and found decrease of 40-50% at nonpermissive temperature, while no change at permissive temperature (Figure 5c ). The localization of the mutant protein at act1 also decreased at nonpermissive temperature ( Figure 5c ). Together with the results at centromeric region (Figure 4c ), sfh1-13 mutation seems to cause general decrease in chromatin-bound Sfh1/RSC.
Next, we analyzed the expression of Tf2 in wild-type, sfh1-13, abp1∆ and sfh1-13 abp1∆ cells by qRT-PCR (Figure 5d ). In wild-type cells, expression of Tf2 is tightly repressed at both the LTR and ORF. Deletion of abp1 caused ~five fold induction of Tf2 expression, whereas the sfh1-13 mutation did not affect the repressed state. In a striking manner, expression of Tf2 was further elevated in an sfh1-13 abp1∆ double mutant. This result suggested that Sfh1/RSC and Abp1 synergistically repress the expression of Tf2. Probably, in abp1∆ cells, remaining Sfh1/RSC contributes repression of Tf2.
In recent times, a nucleosome that occupies TSS in Tf2 LTR represses the transcription of RNA active in reverse transcription and chromatin remodeling factors Fft2/3, which is a member of FUN30 chromatin remodeler, play a role in Tf2 silencing by controlling the positioning of the nucleosome at TSS (Persson et al., 2016) . Considering the chromatin remodeling activity of RSC, we carried out nucleosome mapping at the Tf2 region by MNase sensitivity assay to further analyze the mechanism of Sfh1/RSC-dependent Tf2 repression. In wild-type cells, the promoter region of Tf2 LTR, including the TATA-box (Figure 5a ; primer set #3), was highly MNase-resistant, indicating that nucleosomes protected the promoter against digestion (Figure 5e ). MNase resistance was reduced significantly in abp1∆ cells, and marginally in sfh1-13 cells. Deacetylation of histones by HDACs recruited via Abp1 may contribute to the localization of nucleosome on the promoter. At centromeric heterochromatin, HDAC Clr3/SHREXC eliminate NDR (Garcia et al., 2010) . In this case, RSC is responsible for NDR formation and Clr3/SHREC antagonize RSC. In contrast, RSC is not a major player for eviction of nucleosome at Tf2 LTR. Abp1/HDAC may cooperate with Fft2/3 for this process. The remaining low level of MNase resistance in abp1∆ cells slightly decreased by introduction of sfh1-13 (Figure 5c ). These results suggest that RSC assists Abp1-directed Tf2 suppression through mechanism different from nucleosome positioning, although we cannot neglect the possibility that the low level of MNase-resistant signal observed in abp1∆ cells represents unstable nucleosome and it may still contribute to Tf2 repression.
A histone chaperon HIRA is shown to be involved in silencing in both heterochromatin and euchromatin including Tf2 (Anderson et al., 2009; Yamane et al., 2011) . Genes to Cells KOTOMURA eT Al.
In particular, HIRA represses Tf2 through the pathway genetically different form Abp1-dependent pathway; depletion of one of the components of HIRA, Hip1 in abp1∆ cells caused further induction of Tf2 transcription (Cam et al., 2008) . Considering that Sfh1/RSC and Abp1 synergistically repress Tf2, we assumed that Sfh1/RSC functions in the HIRA-dependent pathway and examined this assumption (Figure 5d ). Deletion of hip1 caused strong induction of Tf2 transcription as described previously. Introduction of sfh1-13 to hip1∆ cells did not cause further induction of Tf2 transcription, supporting our assumption that Sfh1/RSC functions in the same pathway for Tf2 repression. As sfh1-13 alone did not induce Tf2 RNA, we speculate that Sfh1/RSC partly contribute to HIRA-dependent repression and in the absence of Sfh1/ RSC, Abp1 and partly active HIRA pathway cooperatively repress Tf2 transcription. RSC has been shown to function in eviction of nucleosome in vitro (Clapier et al., 2016; Sinha et al., 2017) at TSS (Badis et al., 2008; Hartley & Madhani, 2009; Parnell et al., 2008; Wippo et al., 2011; Yague-Sanz et al., 2017) . In contrast, budding yeast RSC localizes at the histone HTA1/HTB promoter via corepressor complex containing HIRA and plays a role in redundant repression mechanisms (Ng, Robert, Young, & Struhl, 2002) . Thus, although RSC generally associates with active transcription via nucleosome eviction at TSS, it also contributes repression of transcription with some other regulatory factors. HIRA might be one of the factors that uses RSC for repression. Our analysis of ts mutants of Sfh1, a core component of RSC, showed that this complex plays multiple roles in the cell. Because chromatin remodeling is important Genes to Cells
for proper regulation of transcription, many of the observed phenotypes of our ts mutants, such use of carbon source and the osmoremedial phenotype, are likely to be caused by dysregulated expression of the relevant genes. By contrast, RSC appears to function directly in chromosome segregation, DNA repair and retroposon repression, although we cannot rule out the possibility that the observed phenotypes of sfh1 mutants in these processes include indirect effect of the dysregulated expression.
Cells contain many chromatin remodeling factors, some of which function redundantly in many processes, contributing to the robustness of cellular systems and making it difficult to analyze the function of individual remodeling complexes. Our ts mutants provide useful tools for analyzing the redundant pathway. For example, screening for suppressors or synthetic lethal mutants of the ts mutants could show factors involved in redundant chromatin remodeling networks. Table S1 . Fission yeast culture and other standard methods were carried out as previously described (Moreno, Klar, & Nurse, 1991) . To analyze the sfh1-ts mutants by qRT-PCR, ChIP assay and MNase assay, exponentially growing cells at 25°C were shifted to 36°C and incubated for 8 hr before collecting cells for the assays. Flow cytometry was carried out on cells fixed in 70% ethanol, as previously described (Alfa, Gallagher, & Hyams, 1993) . S. pombe strains were transformed by the lithium acetate method or by electroporation (Kelly et al., 1993) . Indirect immunofluorescence analysis was carried out as previously described (Dohke et al., 2008) , with anti-Sfh1 as the primary antibody and anti-rabbit IgG conjugated to Alexa Fluor 488 (Invitrogen) as the secondary antibody.
| Antibodies
A rabbit polyclonal antibody against Sfh1 was produced using purified HA-tagged Sfh1 protein expressed in Escherichia coli as the antigen. Rabbit polyclonal antibody against Cnp1 was previously described (Takayama et al., 2008) . Mouse monoclonal antibodies used to detect the following histone modifications and proteins were as follows: H3K9me (Kato et al., 2005) (Nakagawa et al., 2002) and Pol2 CTD (4H8/ Millipore). Mouse monoclonal antibodies against epitope tags, HA (12CA5/Roche) and FLAG (M2/Sigma), were used in immunoblotting and the ChIP assay, respectively.
| Yeast two-hybrid screening
Two-hybrid screening using S. pombe Abp1 as bait was carried out as described in the Yeast Protocols Handbook (Clontech, Palo Alto, CA, USA). The S. pombe Matchmaker cDNA library was purchased from Clontech. The HF7c strain, which harbors pGBT9-abp1, was transformed with an S. pombe cDNA library. From ~5 × 10 6 transformants, 18 were selected as positive candidates based on the
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β-galactosidase assay. cDNA-containing plasmids were isolated in the colonies and sequenced.
| Isolation of ts mutants of sfh1
PCR-based mutagenesis was used to isolate sfh1 conditional alleles as described below. A full-length sfh1 coding region including 0.8-kb upstream of the start codon and 2.0-kb downstream of the stop codon, with a 2.1-kb DNA containing the complete ura4 gene inserted 0. 
| Spot assay
For spot assays, exponentially growing cell cultures were adjusted to a density of 2 × 10 7 cells/ml and serially fivefold diluted. Aliquots of each dilution were spotted onto YES or EMM plates supplemented with the indicated reagents. For UV or X-ray exposure, plates were irradiated at the indicated dose. The plates were incubated for 3-4 days at 25°C (permissive temperature for ts mutants), 34°C (semipermissive temperature) or 36°C (nonpermissive temperature).
| Minichromosome stability assay
Stability of minichromosomes was analyzed as described previously (Nakagawa et al., 2002) , except that strains carrying minichromosome Ch10-CN2 (Niwa, Matsumoto, Chikashige, & Yanagida, 1989) were used for assay.
| Fluorescence microscopy
Cells were concentrated by centrifugation, washed in PBS and stained with 1 μg/ml DAPI for 30 min at room temperature. Images were captured using a conventional fluorescence microscope (BX50WI; Olympus, Tokyo, Japan) equipped with a single-chip color CCD camera (DP70; Olympus), and an objective lens (UPlanApo 60×/0.90 NA; UPlanFl 100×/1.30 NA Oil; Olympus) together with DP Controller software (Olympus). Nucleus and foci were counted using the analysis tool of the ImageJ software (NIH, Bethesda, MD).
| Micrococcal nuclease analysis of chromatin structure
Micrococcal nuclease (MNase) digestion of genomic DNA was carried out as previously described (Lantermann, Strålfors, Fagerström-Billai, Korber, & Ekwall, 2009) , with some modifications. The cell walls of growing cells fixed with 1% formaldehyde were digested with 0.5 mg/ml Zymolyase 20T in sorbitol/Tris buffer. Spheroplasts were treated for 20 min at 37°C with 10 U/ml MNase (TaKaRa, 2910A) in NP buffer containing 1 mM 2-mercaptoethanol and 0.5 mM spermidine. After treatment with RNase A and proteinase K, residual DNA in the supernatant was purified by phenol/chloroform extraction. Purified DNA was subjected to Southern blotting and quantitative PCR.
| Co-immunoprecipitation assay and
Western blotting
Cells (2 × 10 8 ) growing exponentially in YES were harvested and washed twice with lysis buffer (50 mM HEPES [pH 7.5], 140 mM NaCl, 1 mM EDTA, 1% Triton X-100 and 0.1% Na-deoxycholate). The cell pellet was resuspended in lysis buffer containing 1 mM phenylmethylsulfonyl fluoride (PMSF) and protease inhibitor cocktail (0.35 μg/ml benzamidine, 0.7 μg/ml pepstatin and 0.5 μg/ml leupeptin), and then homogenized with a bead shocker (Yasui Kikai) 10 times for 60 s at 4°C. The cell extract was centrifuged for 10 min at 20,600 g at 4°C. The resultant supernatant was incubated for 2 hr at 4°C with 50 μl of Dynabeads Mouse IgG (Invitrogen) preincubated with antibody against the target epitope. After incubation, the beads were washed six times with lysis buffer and resuspended in loading buffer. The immunoprecipitated and input samples were separated by polyacrylamide gel electrophoresis, and the resolved proteins were blotted onto nitrocellulose membranes. The membranes were first probed with primary antibodies, and then incubated with horseradish peroxidase-conjugated antimouse IgG or anti-rabbit IgG (GE Healthcare Life Science).
| ChIP analysis
Cells (2 × 10 8 ) growing exponentially in YES were fixed with 1% formaldehyde (Nacalai Tesque) for 20 min at 30°C. After quenching the fixation with 150 mM glycine, cells were harvested and washed twice with lysis buffer. The cell pellet was resuspended in lysis buffer containing 1 mM PMSF and protease inhibitor cocktail, and homogenized with a bead shocker (Yasui Kikai) 30× for 60 s | Genes to Cells KOTOMURA eT Al.
at 4°C. The cell extract was brought to a final volume of 2 ml with lysis buffer containing 1 mM PMSF and protease inhibitor cocktail, and sonicated for 240 s in a New Bioruptor (CosmoBio) set at level "H". After sonication, the cell extract was centrifuged at 20,600 g for 15 min at 4°C, and the resultant supernatant was used as the input fraction. The input fraction was subjected to immunoprecipitation with secondary antibody-conjugated magnetic beads (Invitrogen) preincubated with antibody against the target protein or epitope. After washing with lysis buffer, the beads were incubated for 2 hr with cell extract at 4°C. After immunoprecipitation, the beads were washed twice each with lysis buffer, lysis/NaCl Buffer (50 mM HEPES [pH 7.5], 500 mM NaCl, 1 mM EDTA, 1% Triton X-100 and 0.1% Na-deoxycholate) containing 1 mM PMSF and protease inhibitor cocktail, Wash/LiCl Buffer (10 mM Tris [pH 8.0], 250 mM LiCl, 0.5% NP-40 and 0.5% Nadeoxycholate) containing 1 mM PMSF and protease inhibitor cocktail, and TE buffer (10 mM Tris [pH 8.0], 1 mM EDTA). The beads were resuspended in TE buffer containing RNase A and incubated for 1 hr at 37°C. Proteinase K (0.5 mg/ml) was added, and the mixture was incubated for an additional 1 hr at 45°C. After reverse cross-linking at 65°C, DNA was purified by phenol/chloroform extraction and subjected to quantitative PCR. Primers used for quantitative PCR are listed in Supporting Information Table S2 .
| Quantitative PCR
Quantitative PCR was carried out with PCR cocktails containing SYBR Dye on a Thermal Cycler Dice Real Time System (Takara Bio). The primer sets used for quantitative PCR are listed in Supporting Information Table S2 . In each graph showing the results of quantitative PCR, error bars represent the standard error of the mean of biologically independent experiments (n = 3).
| RNA extraction and RT-PCR
Each strain was cultured in 10 ml liquid YES to a concentration of 1 × 10 7 cells/ml. The cells were harvested by centrifugation and washed with 10 ml PBS. The cell pellet was resuspended in buffer containing 1% sodium dodecyl sulfate (SDS) and acid phenol. Total RNA was extracted using a freeze-thaw treatment: rapid freezing in liquid N 2 , followed by a 1-hr incubation in a water bath at 65°C. RT-PCR was carried out using Prime Script (TAKARA BIO).
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